Research interests have recently been directed towards electrical discharges in multi-phase environments. Natural electrical discharges, such as lightning and coronas, occur in the Earth's atmosphere, which is actually a mixture of gaseous phase (air) and suspended solid and liquid particulate matters (PMs). An example of an anthropogenic gaseous multi-phase environment is the flow of flue gas through electrostatic precipitators (ESPs), which are generally regarded as a mixture of a post-combustion gas with solid PM and microdroplets suspended in it. Electrical discharges in multi-phase environments, the knowledge of which is scarce, are becoming an attractive research subject, offering a wide variety of possible discharges and multi-phase environments to be studied. This paper is an introduction to electrical discharges in multi-phase environments. It is focused on DC negative coronas and accompanying electrohydrodynamic (EHD) flows in a gaseous two-phase fluid formed by air (a gaseous phase) and solid PM (a solid phase), run under laboratory conditions. The introduction is based on a review of the relevant literature. Two cases will be considered: the first case is of a gaseous two-phase fluid, initially motionless in a closed chamber before being subjected to a negative corona (with the needle-toplate electrode arrangement), which afterwards induces an EHD flow in the chamber, and the second, of a gaseous two-phase fluid flowing transversely with respect to the needle-to-plate electrode axis along a chamber with a corona discharge running between the electrodes. This review-based introductory paper should be of interest to theoretical researchers and modellers in the field of negative corona discharges in single-or two-phase fluids, and for engineers who work on designing EHD devices (such as ESPs, EHD pumps, and smoke detectors).
Introduction
Natural electrical discharges, such as lightning strikes and coronas, occur in the Earth's atmosphere, which cannot be regarded as a single-phase environment consisting only of air. The majority of the volume of the Earth's atmosphere is a mixture of air (a gaseous phase) and suspended microscopic solid (solid phase) and liquid (liquid phase) particles. Thus the Earth's atmosphere should actually be considered a multiphase environment. Being very spectacular, lightning in the Earth's atmosphere occurs between electrically charged regions of a single cloud, between two clouds, and between a cloud and the solid ground or the water surface (rivers, lakes, seas and oceans). Less conspicuous coronas are observed around high-voltage transmission line conductors, around lightning rods and the masts of ships (the legendary Saint Elmo's fires).
The microscopic solid and liquid matters distributed in the Earth's atmosphere are called particulate matter (PM) or particulates. An air/PM mixture is often referred to as an aerosol. The majority of atmospheric PM occurs naturally, the eruptions of volcanoes, fires in forests and grasslands, and salt spray over the oceans being the most common sources of particulates in the atmosphere. Anthropogenic PM, generated by the burning of fossil fuels in vehicles, power and heat plants and in various industrial processes, accounts for about 10 percent of the total mass of aerosols in the Earth's atmosphere.
The presence of PM in the Earth's atmosphere influences the generation and properties of the lightning strikes and coronas generated within it. For example, it was noticed that volcanic activity produces lightning-friendly conditions due to the enormous quantity of pulverised solid material and gases ejected into the atmosphere. It was also observed that there are certain conditions under which electric transmission lines more willingly generate coronas. Wet and humid conditions, undoubtedly indicating the presence of a multi-phase environment, increase corona activity around the transmission lines. Utility companies try to reduce the coronas because of the electric power loss and system component damage caused by them. These two examples show that neglecting the multiphase nature of the Earth's atmosphere, when considering the electrical discharges within it, may be a barrier in the justification and explanation of their apparent occurrence. This remark also applies to the electrical discharges occurring in multi-phase environments other the Earth's atmosphere. This paper is an introduction to electrical discharges in multi-phase environments. Electrical discharges in multiphase environments are becoming an attractive research subject due to the variety of possible discharges and multiphase environments to be studied. An example of an anthropogenic gaseous multi-phase environment is the exhaust gas flowing through an electrostatic precipitator (ESP), which is typically a mixture of a post-combustion gas (a gaseous phase) with a form of solid PM such as dust or smoke, and/or microdroplets (a liquid PM) suspended in it, forming a kind of aerosol (air/solid and liquid PMs).
Considering the electrical discharges (lightning strikes, sparks, coronas) run in laboratory multi-phase environments (which are also called aerosols, colloidal aerosols, multiphase media or multi-phase fluids), it is convenient to use the nomenclature typical of fluid mechanics. A multi-phase fluid, usually two-phase, is a system of two substances (phases), in which one phase of dispersed insoluble microscopic particles is suspended throughout another phase. The dispersed particles have a diameter between approximately 1 and 1000 nm. The phase in which a dispersed (or disperse) phase is distributed is called a dispersion phase (or a continuous phase). The dispersion phase is formed by a gas or a liquid (in general, also by a solid). The dispersed phase can be single-or multicomponent (e.g. microscopic solid and liquid matters distributed in air). A single-component dispersed phase can have the form of solid particulates (a solid dispersed phase), liquid particulates (a liquid dispersed phase) and gaseous particulates (gaseous dispersed phase). A solid dispersed phase can be formed by microparticles of dust, smoke, etc distributed in air or water. An example of a liquid dispersed phase is that of microdroplets of water dispersed in air.
Gaseous microbubbles in water can be treated as a gaseous phase dispersed in a liquid phase.
In this introductory paper, we limit our consideration to DC negative coronas in a gaseous two-phase fluid formed by air (a gaseous phase) and solid PM (a solid phase), run under laboratory conditions.
A sound foundation for studying DC negative coronas in a gaseous two-phase fluid is the knowledge acquired from 80-years of intensive experimental and theoretical studies of negative coronas in single-phase fluids, mainly in air. The early ) basic studies, carried out by Trichel [1], Loeb's group and others [2] concerning mostly regular, current pulses (named Trichel pulses) of negative coronas in air. Later the most important results of these early studies were analytically summarised and experimentally verified in [3] . The basic data and results of the negative corona studies performed up to the 1980s were also collected in [4, 5] . Since then, numerous new contributions to the body of knowledge of the various regimes of negative coronas (not only the Trichel-pulse regime) in air (i.e. in a single-phase fluid) have been published.
Much of the research into negative coronas and the inherent electrohydrodynamic (EHD) flows in two-phase gaseous fluids has been geared towards the performance of ESPs by focussing on their practical aspects (breakdown voltage, back corona, dust particle collection efficiency, NO x production, etc). However, there are few basic research into negative coronas in two-phase gaseous fluids similar to those of ESP flue gases.
Experimental investigations of the negative corona characteristics in a flowing two-phase gaseous fluid (air with suspended cigarette smoke particles) simulating an ESP flue gas were presented in [6, 7] . The results of these investigations showed that an increase in the concentration of smoke particles results in a reduction of the average corona current (at the same operating voltage). This conclusion was also confirmed theoretically in [8, 9] .
Recently, basic research into the particle charging and electrical characteristics of a negative corona discharge in a flowing two-phase fluid (consisting of solid micro-particles suspended in air) was conducted, and the results published in [10, 11] . These results demonstrated that the suspended particles influence not only the average discharge current but also the current waveform.
The basic phenomena of the negative corona discharge (in a needle-to-plate geometry) were experimentally and theoretically investigated using a two-phase jet (air with water droplets) in [12] . The results confirmed earlier observations that the EHD flows of the dispersion gas (air, in this case) and the charged PM (charged water droplets) differ.
Our analysis of the body of knowledge of negative coronas and corresponding EHD phenomena in single-and twophase gaseous fluids (air with PM) suggests that the data should be separated into two distinct groups, and each group should be considered separately. The groups are categorised based on the state of motion of the fluid at the moment when the negative corona is initiated.
The first concerns the fluid being still (motionless) before being subjected to the corona (an example is a fluid which is motionless in a closed chamber before the inception of the corona). The second concerns fluids which are in forced motion before the application of the corona (an example is a fluid externally forced to move along a chamber, in which the corona is run). In this case, we are dealing with flowing fluids.
In line with the suggestion above, the results of the investigations presented below of negative coronas and EHD flows in two-phase gaseous fluids are divided into two groups. The first, involving two-phase fluids initially being motionless in a closed chamber before being subjected to a corona [13] [14] [15] [16] were found to have a strongly transient character, caused by the EHD flow induced by the negative corona in the closed chamber and the continuous electrostatic precipitation of the PM suspended in the dispersion gas phase (air). Due to precipitation of the PM onto the plate and the walls of the chamber, its concentration and distribution gradually changes, influencing the characteristics of the corona discharge.
The corona discharge in the two-phase fluid closed in the chamber maintains its transient phase for a prolonged period as the PM gradually precipitates onto the surfaces. When this process is almost complete, the transient phase ends with the fluid essentially having only a single-phase (air). This makes reliably studying the mutual relationship between the corona current and the EHD flows rather difficult.
It is more promising studying the second group, i.e. a two-phase gaseous fluid flowing along a chamber containing a corona discharge [6, 7] . In this group, there is an interaction between the continuously replenished two-phase fluid flow (the primary flow) and the EHD flow induced by the corona inside the chamber (the secondary EHD flow). The two flows and the corona discharge mutually interact. However, in such a flowing system, the primary two-phase fluid flow continuously resupplies new PM to the corona chamber. Thus, the continuous loss of particulates in the chamber due to electrostatic precipitation is balanced by the inflowing particulates.
As a consequence, the particulates in the flowing system achieve a generally spatially inhomogeneous, steady-state balance within a relatively short time of the inception of the corona. The EHD two-phase flows gradually establish a steady-state structural form (for example, a coherent structure such as a vortex) and the corona current stabilises in a flowing system. Therefore, in contrast to the strongly transient nature of a corona discharge in a two-phase fluid in a closed chamber, in which the local concentration of particulates varies in time, the local particulate concentration in the flowing system remains stable (within the fluctuation limit), although it differs spatially.
Typically, ESP flue gas simulators use a low concentration of dust particles (air with suspended dust particles, with a concentration in the order of 10 4 -10 8 particles cm −3 [7, 8] ).
Due to this, it should be expected that the mechanisms of the corona discharge forming is similar in 'pure' air and in air with suspended dust particles of low concentration.
When using or citing the results of the comprehensive studies of negative corona in air, such an assumption would help.
2. DC negative corona in an initially motionless twophase fluid (air-smoke particles) in a finite-volume chamber with a needle-to-plate electrode arrangement 2.1. Evolution of an EHD two-phase flow into a single-phase flow. Stages of the EHD two-phase flow evolution
After applying a high voltage to a needle-to-plate electrode in gaseous two-phase fluid, first, due to electrostatic precipitation, the concentration of the dielectric PM in the chamber will steadily decrease until all particulates are deposited on the counter electrode and chamber walls. At this point, the fluid effectively becomes single-phase, meaning that a singlephase steady-state regime has been reached. Second, the corona current, which depends strongly on the concentration of PM [7] will change until the single-phase, steady-state regime is reached. Third, after the corona inception, the EHD molecular and PM flows will transform through several transition structures into their final forms, i.e. the EHD molecular flow will take the final form typical of the singlephase fluid, while the EHD PM flow will cease to exist. So, after the inception of the corona in the two-phase fluid closed in the finite-volume chamber, we should observe a continuous transition from a two-phase fluid to a single-phase fluid, and eventually the single-phase steady-state will be reached after the precipitation of all of the PM. However, this takes a relatively long time.
The suppositions above were confirmed by the results of the investigations presented in [13] [14] [15] [16] . These investigations showed that a transient EHD two-phase flow regime formed in the initially motionless two-phase fluid (air with suspended sub-micron smoke particles with an initial concentration up to 450×10 3 particles cm −3 ) in the needle-to-plate (with an interelectrode gap of 25 mm) negative corona discharge. This two-phase flow transforming through several structural stages, with its final form being the single-phase steady-state regime. These transient structural stages were: the two-phase free jet stage, the initial stage of a two-phase wall-impinging jet, the development stage of a two-phase wall-impinging jet and the fully developed two-phase EHD jet continuously evolving due to the precipitation of smoke particles into the single-phase (air) steady-state stage. Figure 1 shows the instantaneous velocity field maps of the EHD two-phase fluid flow as it evolves over time. It details how these changes be divided into the four transient, two-phase structural stages listed above. The flow evolution ends in a single-phase (air) steady-state due to the electrostatic precipitation of the smoke particulates.
In the first stage of the EHD two-phase fluid flow (called the two-phase free jet stage), as shown in figure 1(a) , the initial movement is confined particles moving away from the vicinity of the needle electrode tip. All particles in other parts of the chamber have not yet been affected by the electric field, so remain unchanged. As a result, a dark area in the form of an inverse mushroom cap forms at the needle electrode tip. The dark sphere represents the particles having been pushed downwards, away from the needle and towards the plate. This process leaves behind an inverse mushroom cap-shaped structure, free of particles, which can be seen in the figure.
The particles which have been pushed downwards then appear as a white layer on the underside of the sphere, or as a cap on the inverted mushroom cap. It is called a mushroom front. Such an EHD particle flow structure is called a mushroom-like minijet structure. After the first mushroom-like minijet, similar flow structures are generated (figures 1(b)-(f) ).
Simultaneously, the active region begins to expand and formerly quiescent PM is drawn in by the EHD two-phase fluid flow. These particles replace those already pushed downwards from the needle tip. They then follow the flow towards the collecting electrode and are pushed downwards, expanding the mushroom front. After about 80 ms, the jet-like flow is just about to impinge on the collecting electrode ( figure 1(f) ).
The flow images in figures 1(g) and (h) (t=90 ms and t=100 ms, respectively) show the development of the second stage of a two-phase EHD flow, i.e. the initial stage of a two-phase wall-impinging jet. Once the jet front impinges on the plate electrode (a stagnation area), the velocity and momentum of the jet front decreases because the immovable plate is an obstacle. The impinging jet with a higher momentum pushes the low-momentum fluid outwards, along the plate electrode. The fronts of the fluid being pushed encounter resistance from the surrounding fluid and roll up to become vortex cores.
After a period, the initial stage of two-phase wallimpinging jet gradually evolves into the third stage of an EHD two-phase fluid flow; i.e. the development stage of a two-phase wall-impinging jet (figures 1(i)-(l), from t=110 ms to t=383 ms). In this stage, the vortex cores grow and form into large-scale vortex structures with strong entrainment of the air-particle fluid in the wall jet tip region. The vortexes are pushed away from the impinging area along the collecting electrode (figures 1(k)-(m)).
After 650 ms ( figure 1(m) ), the vortices left the camera observation area, increasingly dissipating their initial momentum far beyond the vicinity of the needle electrode. At this point, the fourth stage of the EHD two-phase fluid flow is established; i.e. a fully developed, two-phase EHD jet. The flow evolution ends in a single-phase (air) steady-state due to the electrostatic precipitation of the smoke particulates ( figure 1(n) ).
The first stage of the evolution of the EHD two-phase flow. Mushroom-like minijets. Correlation between the minijets and Trichel pulses
The temporal and spatial recordings of the evolution of the EHD two-phase flow (air with suspended submicron smoke particles) in its very first stage (the two-phase free jet stage) in a DC negative corona in a closed chamber, together with monitoring of the negative corona (operating in the Trichelpulse regime) waveform revealed interesting fundamental processes which occur just after the inception of the corona [14, 15, 17] . The high-speed recordings of the EHD particle flow showed the formation of several EHD particle flow substructures simultaneously travelling along the interelectrode gap during the two-phase free jet stage. The monitoring of the negative corona (operating in the Trichel-pulse regime) waveform showed that the first Trichel pulse appeared when the rising voltage pulse reached a value of approximately −4.23 kV, and was followed by several subsequent Trichel pulses, which formed a pulse train with a duration of 5.5 ms (figure 2). The Trichel pulses then disappeared for a period of about 60 ms. At about 66 ms, a new Trichel pulse train formed, and disappeared similarly to the first. The third Trichel pulse train formed after a period of about 50 ms, and disappeared shortly thereafter. The process of Trichel pulse trains forming and disappearing recurred, as shown in figures 2(a) and (b). At t=1 ms ( figure 2(a) ), the first Trichel pulse train began, and lasted for 5.5 ms. In the image captured at t=2.5 ms (at a voltage of −4.23 kV), we noticed a slight movement of the dust particles in the immediate vicinity of the needle electrode (the blurred image showing this is not presented in this paper). This means that the EHD smoke particle flow had just started. At t=12.5 ms, the smoke particles pushed downwards from the vicinity of the needle electrode have already formed a very bright surface on the underside of the dark (i.e. smoke particle-free) mushroom-shaped region which is forming at the needle electrode and growing towards the collecting electrode. The descending particles are seen as a bright layer on the lower surface of the dark mushroom cap. The image captured at t=75 ms ( figure 2(a) ), corresponding to the time interval at which the second Trichel pulse train has occurred, shows a second mushroom cap structure that has been generated at the needle tip. Both structures are moving downwards as mushroom-like minijets.
The experiment presented above is one of the first temporally and spatially resolved studies of the behaviour of the negative corona and EHD phenomena in a two-phase fluid. This experiment showed that, in the very early stage, the negative corona discharge in the two-phase fluid (air with suspended smoke particles) displays the form of Trichel pulse trains. Each Trichel pulse train initiates a mushroom-like minijet, which grows downwards and travels towards the plate electrode. Several minijets can simultaneously be present, stacked in a series in the gap. The series of mushroomshaped objects travelling downwards in the interelectrode gap looks like a series of mushroom-like minijets shot from the needle electrode vicinity towards the collecting electrode. The mushroom-like minijets in the interelectrode gap in the corona discharge resemble negative-ion-charged clouds simultaneously traversing the interelectrode gap of the corona discharge (as predicted in [2, 3, 18] ).
3. DC negative corona discharge in a two-phase fluid flowing through a chamber with a needle-to-plate electrode arrangement. Electrical characteristics of the negative corona As stated above, the transient nature of a corona discharge in a two-phase fluid closed in a chamber hinders the reliable study of the mutual relationship between the corona current and the PM in the two-phase fluid. At this point, a more promising line of inquiry is the study of a two-phase gaseous fluid flowing along a chamber with a corona discharge in an open-system arrangement where the two-phase fluid is constantly replenished with PM. This is, as justified in the Introduction, due to the steady-state structural forms of the EHD two-phase flows and stable corona current in the flowing system.
The DC negative corona discharge in the two-phase fluid flowing transversely (with a velocity limited to 0.8 m s −1 ) with respect to the needle-to-plate electrode axis, can have 3 forms (modes): the Trichel-pulse mode, the 'Trichel pulses superimposed on a steady current' mode, and the steady glow mode ( figure 3) . The prevalence of which depends mainly on the voltage amplitude between the electrodes [19] . In the twophase fluid the corona inception voltage is lower and the Trichel pulses are less regular than in air. Their repetition frequency is lower and amplitudes are higher.
The average current-voltage characteristics I=I (V ) in the flowing two-phase fluid, having the concentration of smoke particles lower than about 50×10 3 particles cm −3
(figure 4) are close to those in air ( figure 5 ). This is consistent with the results presented in figure 6 , which provide additional proof that the average discharge current decreases when the smoke particle concentration increases [6] [7] [8] [9] . The dependencies of both microscopic corona discharge parameters: the Trichel pulse electric charge and the pulse repetition frequency on the particle-concentration explain the weak dependence of the average negative corona current on the particle concentration up to about 50×10 3 particles cm
(as shown in figure 6 ). This gives better understanding of the microscopic electrical phenomena occurring in the negative corona discharge. As seen in figure 7 , the electric charge of the Trichel pulses increases, and their repetition frequency decreases, with an increase in particle concentration. Thus, the average corona current being the product of the electric charge and the repetition frequency of the Trichel pulses (taking into account the DC current component of 4 μA for the case shown in figure 7 ) remains constant.
As it is shown in figure 7 , close agreement of the measured and calculated average corona currents was achieved. The calculated product of the Trichel pulse electric charge (growing with the particle concentration) and the Trichel pulse repetition frequency (decreasing with the particle concentration) stays almost constant for particle concentrations lower than about 50×10 3 particles cm −3 , similarly to the measured average corona current. Furthermore, the calculated product of the Trichel pulse charge and frequency decreases when the particle concentrations are higher than about 50×10 3 particles cm . This is confirmed by the measured decrease of the average corona current. Therefore, the particle-concentration dependencies of the Trichel pulse electric charge and the repetition frequency, both being the microscopic parameters, explain the behaviour of the average negative corona current, which is a macroscopic parameter.
Summary and conclusions
This paper is an introduction to DC negative coronas and accompanying EHD flows in a gaseous two-phase fluid formed by air (a gaseous phase) and solid PM (a solid phase). The introduction is based on a review of the existing literature. In this review-based introductory paper, the results of the experimental research on DC negative coronas in a needle-toplate electrode arrangement in a two-phase fluid (air, as a dispersion fluid, with suspended sub-micron cigarette smoke particles as a dispersed fluid, the smoke particle concentration being up to 450×10 3 particles cm −3 ), resembling the combustion gas-PM fluid typical of ESPs, are presented. The experimental research was focused on the temporally and spatially resolved imaging of EHD two-phase flows, and on the correlation of the imaging observation results with the corresponding DC negative corona characteristics. Two cases were considered: first, the case of the two-phase fluid being initially motionless in a closed chamber before being subjected to the corona, and second, the two-phase gaseous fluid flowing (with a velocity limited to 0.8 m s −1 , typical of an ESP flow) transversely with respect to the needle-to-plate electrode axis along a chamber with the corona discharge running in the chamber.
The experimental research on the DC negative corona in the initially stationary two-phase fluid in the closed chamber showed the evolution of the EHD two-phase fluid (air with sub-micron, suspended smoke particles) precipitate into a single-phase fluid (air). This evolution can be divided into four transient, two-phase structural stages, i.e. the free jet stage, the initial stage of a wall-impinging jet, the development stage of a wall-impinging jet, and a fully developed EHD jet.
The evolution of the flow terminates as a single-phase (air) steady-state due to the electrostatic precipitation of the smoke particles onto the plate electrode and the walls of the chamber. Thorough investigation of the first stage of the development of the EHD two-phase flow (the free jet stage) showed that just after the inception of the negative corona (in the air with the suspended smoke particles), it has the form of an irregular pulse train, each section consisting of several Trichel pulses. They initiate inverse mushroom-like smoke particle minijets travelling downwards through the interelectrode gap towards the plate electrode.
The steady-state DC negative corona discharge in a twophase fluid flowing through a chamber with a needle-to-plate electrode arrangement was investigated from the point of view of the electrical characteristics of the DC negative-corona. The investigation showed that, similar to flowing air, the DC negative corona discharge (in the two-phase fluid flowing transversely with respect to the needle-to-plate electrode axis) has 3 modes, the prevalence of which depends mainly on the voltage amplitude in the electrode gap. These modes are: the Trichel-pulse mode, the 'Trichel pulses superimposed on the steady current (or on the DC component)' mode, and the steady glow (or the steady current or DC) mode.
The shapes of the Trichel pulses in the flowing 'air with suspended smoke particles' fluid and in the 'pure' air are similar. However, the Trichel pulse amplitudes in the former fluid are higher than those in the latter one, whereas the Trichel pulse repetition frequency is lower. As a consequence, the average corona discharge current in the two-phase fluid is lower. The average discharge current in the two-phase fluid remains almost constant as the smoke particle concentration is increased up to 50×10 3 particles cm −3 , while the Trichel pulse amplitude (and the electric charge) increases, the Trichel pulse repetition frequency decreases and the Trichel pulse shape remains constant. This shows that a macroscopic parameter of a DC negative corona such as the average current is almost unaffected by the presence of low concentrations of PM in the electrode gap, whereas both microscopic parameters (the Trichel pulse amplitude (and electric charge) and repetition frequency) are sensitive to the presence of PM. The average corona current decreases when the particle concentrations increase over approximately 50×10 3 particles cm . The calculations of the average negative corona current dependence on the particle concentration showed that it can be explained by the behaviour of the Trichel pulse electric charge and the repetition frequency.
The practical information for the operation of ESPSs obtained from the experiments is that the average corona discharge current in the two-phase fluid is not affected by the transverse fluid flow up to a velocity of 0.8 m s −1 . The review presented above serves as a compilation of present knowledge related to the properties of a DC negative corona and inherent EHD flows in a two-phase medium: air with suspended solid particles.
